Abstract. Isotope tracer methods were used to determine flow paths, recharge areas, and relative age for groundwater in the Kilauea volcano area of the Island of Hawaii. A network of up to 66 precipitation collectors was emplaced in the study area and sampled twice yearly for a 3-year period. Stable isotopes in rainfall show three distinct isotopic gradients with elevation, which are correlated with trade wind, rain shadow, and highelevation climatological patterns. Temporal variations in precipitation isotopes are controlled more by the frequency of storms than by seasonal temperature fluctuations. Results from this study suggest that (1) sampling network design must take into account areal variations in rainfall patterns on islands and in continental coastal areas and (2) isotope/elevation gradients on other tropical islands may be predictable on the basis of similar climatology. Groundwater was sampled yearly in coastal springs, wells, and a few high-elevation springs. Areal contrasts in groundwater stable isotopes and tritium indicate that the volcanic rift zones compartmentalize the regional groundwater system, isolating the groundwater south of Kilauea's summit and rift zones. Part of the Southwest Rift Zone appears to act as a conduit for water from higher elevation, but there is no evidence for downrift flow in the springs and shallow wells sampled in the lower East Rift Zone.
Introduction
Characteristic variations in deuterium and oxygen 18 content of precipitation due to differences in temperature, elevation, and distance from the coast have been used to infer recharge areas for groundwater, to indicate mixing, or to delineate different groundwater systems [e.g., Gat, 1971; Fontes, 1980] . Tritium originating from atmospheric bomb tests in the 1950s and 1960s enters groundwater in rainfall and has been used to estimate age of recent groundwaters. These isotope hydrology techniques are a particularly useful source of information about groundwater systems in areas with few wells.
Many volcanic islands have highly permeable surface rocks, resulting in ephemeral surface water and abundant spring discharge along the shoreline. Knowledge of groundwater flow patterns is generally limited; residents rely on groundwater or rain catchmerit systems for water supply, and the potential for groundwater pollution problems in permeable volcanic rock is high. Isotope hydrology methods seem particularly applicable in such areas, if there is enough isotopic variability to make them feasible. However, precipitation patterns on islands with appreciable topography can be complex, and precipitation iso- the study described here, including complete data tables, is given by Scholl et al. [1995] .
Previous Isotope Studies on Islands
Environmental isotope data from other islands provide few coherent patterns to use as background for application to Hawaii. The worldwide IAEA data set yielded a meteoric water line of 8D = 6.17/5180 + 3.97 for 15 tropical island stations [Yurtsever and Gat, 1981; Dansgaard, 1964] , significantly different than the global meteoric water line of 8D -8/5180 + 10 [Craig, 1961] . Most published isotope studies on islands have focused on hydrologic interpretation of one catchment system. These studies generally used only a few precipitation or highelevation spring samples to determine isotopic variations in recharge and provide no information on regional variations in isotopic content.
On Cheju Island, a volcanic island near Korea, Davis et al.
[1970] used temporal variability in isotopic content of springs and wells as an index of the size of the groundwater reservoir. Rainfall records at Pohang, Korea (IAEA), were used to approximate rainfall on Cheju Island. At Pohang the most isotopically depleted precipitation occurs during the summer rainy season, whereas winter precipitation is isotopically enriched, a pattern opposite of that found worldwide [Dansgaard, 1964] .
The isotopic enrichment of winter rainfall was attributed to its origin as first-stage condensation of moisture originating over the Sea of Japan. A study in the northern part of Taiwan also showed relatively depleted precipitation isotopic composition in summer and enriched isotopic composition in winter [Liu, 1984] . The isotopically depleted summer precipitation was attributed to typhoons, whereas isotopically enriched winter pre- In the study area (Figure 1 ), mean annual temperatures range from 23.3øC at Hilo (sea level) to 7.0øC at Mauna Loa Observatory (3401 m). The climate of the Hawaiian Islands is dominated by trade winds from the east-northeast, which blow more than 90% of the time in summer and less frequently in winter. In winter, other weather systems (stationary highs, migratory highs, migratory low-pressure systems, and frontal systems) influence Hawaiian weather [Schroeder, 1993] . A temperature inversion, where air temperatures rise temporarily before continuing to decrease with increasing altitude in the atmosphere, occurs at approximately 2000 m elevation above sea level and is a persistent feature of the trade wind pattern. The inversion is a boundary above which the trade wind clouds evaporate.
The interaction of the trade winds with topography causes great areal variations in rainfall. Rainfall in the study area ranges from less than 500 to over 6000 mm/yr (Figure 3) . The study area can be divided into three rainfall regimes; trade wind-dominated (south and west of Hilo, and PahalaNaalehu), rain shadow (southwest of Kilauea summit), and high-elevation (above 2400 m on Mauna Loa). South and west of Hilo, the trade winds move moist air masses up the flank of Mauna Loa, causing the highest annual rainfall in the study area. The frequent rainfall on the southeast facing slope between Pahala and Naalehu is thought to be caused by acom- Apparent collector efficiency (rainfall in collector divided by rainfall in standard rain gauge) was estimated for sites where . Lower condensation temperatures cause the water isotopes to undergo a larger degree of fractionation. Also, in contrast to the trade wind-generated orographic rainfall, which is the first condensation from ocean-derived moisture, large storm systems may have been raining for some time before they reach the island. The lower temperatures, combined with the likelihood that storm systems are raining before they reach land, would lead to much more depleted isotopic composition for storm precipitation. As noted previously, depleted isotopic composition in storm precipitation has been reported for northern Taiwan [Liu, 1984] The land-surface slope is different in the two trade wind areas and, as noted previously, the "west side" (PahalaNaalehu area) rainfall is attributed to a thermally driven sea breeze cycle as well as to trade winds. The similarity of rainfall isotopic composition between the geographically and topographically distinct "east side" (Hilo-Pahoa) and "west side" (Pahala-Naalehu) areas ( This may be the case in the rain shadow as well, where winddirection data indicate that 41-63% of large rain events during the study period were associated with storms that came onto land from a southerly direction .
At high elevations on the summit of Mauna Loa the rate of decrease in & value with elevation is greater than in the lowerelevation areas (Figures 6 and 7) . We assume that the only source of precipitation is storms, because the area is above the trade wind inversion. Smith et al.
[1979] presented a theoretical 
Estimation of Recharge Elevations
The •1sO composition of precipitation was used to estimate the source area of recharge to springs and wells. Interpretation of the recharge areas for groundwater also included some consideration of local geologic structure, rainfall patterns, and sample type. Recharge elevations for each spring and well were estimated in two ways. First, equations (1)-(3) were used to find the elevation at which the measured isotopic content of the groundwater matched the isotopic content of precipitation. The tacit assumption in this case is that the sample represents a single flow path from one area upslope. Second, the isotopic content of the groundwater samples was assumed to represent an integrated sample of all recharge along the slope to some distance above the sampling point. This assumption might not be reasonable for confined groundwater systems but seems plausible for Kilauea's layered basalts, where low-permeability horizons that restrict recharge are not likely to be areally extensive. Isotopic composition of groundwater at the sampling point was compared to the calculated isotopic composition of recharge from increasing distances upslope, using were used to calculate the recharge elevation, the higher elevation is shown. The general model for groundwater flow through most of the study area is that the water table is a subdued replica of the topography, a concept supported by sparse water level data in the Kilauea area [Takasaki, 1993] . For each sample site therefore the "flow path" showing the extent of the recharge area is drawn to extend directly upslope from the sampling point, perpendicular to topography, unless geologic and isotopic evidence suggest otherwise. [1985] ) in areas with rainfall greater than 1500 mm/yr. Recharge amounts for drier areas (less than 1500 mm/yr) were based on estimates made for dry areas on Oahu [Eyre et al., 1986; Takasaki, 1993] but were arbitrarily increased by 5%, as there is little or no soil developed on parts of Kilauea and Mauna Lea. Recharge in these areas was estimated to be 23% of rainfall for rates of 1300-1500 mm/yr, 22% for 1040-1300 mm/yr, 19% for 790-1040 mm/yr, and 13% for 530-790 mm/yr. These recharge estimates are very approximate; however, the calculated recharge elevations were fairly insensitive to changes of _+ 10% in the dry-area recharge percentages.
Recharge (R),• was estimated as rainfall minus pan evaporation (data from Ekern and Chang
We assumed in this study that rainfall isotopic composition was equivalent to recharge isotopic composition. In the many areas on Kilauea volcano with little soil and high infiltration rates, this is likely a good assumption. In other places, evaporation from soil may tend to isotopically enrich recharge relative to rainfall. An opposite effect may occur on the fringes of the trade wind rainfall areas, where a disproportionate amount of storm rainfall (intense rainfall, isotopically depleted) may recharge the groundwater system, whereas a disproportionate amount of trade wind-type rainfall (drizzle or light rain, isotopically enriched) may be transpired or evaporated. Other sources of error in the recharge elevation estimates include variability on a timescale longer than the 21/2 years of the study, uncertainty about whether well samples were a well-mixed representation of the screened interval or flow from one or two discrete fractures, and uncertainty due to the correction for seawater content in coastal spring samples. As a result, we consider the recharge elevations (Figure 9 ) to be useful mainly for comparative purposes in interpretation of the regional hydrelegy, rather than absolute values. (Figure 10 ). Seawater-corrected 3H content for all but one of the coastal springs south of Kilauea summit is lower than that of recent rainfall, suggesting that the water discharging at the coast is a mixture of recent rainfall and water recharged more than 35 years ago (tritium-dead water). Although rainfall in that area is low compared with most of the island, it is still relatively high (750-1500 mm/yr) and recharge is probably substantial, since the highly permeable young basalts are sparsely vegetated. Travel times for shallow groundwater in that area may not be long enough to account for the presence of tritium-dead water. The high-level, impounded water in the summit area seems a more plausible source for a tritium-dead component in the spring discharge.
Downrift
Groundwater Flow
The western boundary between Kilauea and Mauna Loa runs approximately parallel to the trace of the SWRZ. As is the case with the ERZ, gravity measurements indicate that the active rift zone has moved south or seaward over time [Swanson et al., 1976; Kauahikaua, 1993] , and we assume that there are buried dikes extending some distance north and west of the current surface trace of the rift zone. The lower part of the SWRZ lies downslope from the area of relatively high, isotopically enriched rainfall above Pahala and Naalehu (Figure 3) . In contrast, the sparse rainfall over the upper part of the SWRZ has the depleted isotopic composition of the rain shadow area (Figure 6 ). Four coastal springs (G15-G18) and three Pahala-area wells (11, 12, and G13) (see Figure 9 ) are considered to be within or influenced by the SWRZ structure . The isotope data from the SWRZ area indicate that (1) recharge from the midslope high-rainfall area is blocked from discharging at the shoreline in the rift zone, and (2) water discharging at the SWRZ springs is recharged above 1500 m. The coastal spring water (G16-G18) is more isotopically depleted than that found in the well near Kilauea summit (G21) and is not heated, suggesting that it enters the upper part of the rift zone from the slopes of Mauna Loa and travels through an older or inactive part of the rift zone.
The 
Summary
Significant areal differences in precipitation isotopes on the Island of Hawaii correlate strongly with general climatological patterns. High-rainfall areas have frequent rains owing to the orographic lifting of moist air carried by the trade winds or by a thermally driven seabreeze cycle. The isotopic content of cumulative samples from these high-rainfall-areas agrees well with that predicted from first-stage condensation of atmospheric vapor above the ocean. Precipitation isotopes get more depleted with increasing elevation and distance inland, as expected, owing to decreasing temperature and "rain out" effects. In areas of lower rainfall, most rainfall occurs during storms. In the rain shadow of Kilauea volcano, isotopic content of precipitation samples also varies with elevation and distance inland but is more depleted than at the same elevations in the trade wind areas. The depleted isotopic composition of precipitation in the rain shadow can be explained by the processes affecting rainfall in storms. Although the original source of vapor in storms is the oceanic atmosphere, condensation temperatures for large storms are generally lower, and such storms are often producing rain before they reach the island. For the high-elevation area above the orographic rainfall influence, precipitation isotopes also vary with elevation, but the rate of decrease in •i values with elevation is greater than for lowerelevation areas, presumably owing to the difference in isotopic fractionation factors when condensation temperatures are below 0 to -15øC. It seems reasonable to expect that similar relations between precipitation isotope content and elevation may apply to other islands and possibly coastal continental areas at similar latitudes. In particular, the other Hawaiian Islands have very similar temperature and climatological patterns. It may be feasible to use stable isotopes as tracers for groundwater flow on the other islands with fewer precipitation samples, just a sufficient number to establish that gradients are similar. However, this study also underscores the importance of a collection strategy that takes areal variations in rainfall patterns into account, as precipitation isotopes vary significantly with microclimates.
Stable isotopes worked well as tracers of groundwater flow paths in the southeast part of the Island of Hawaii. Tritium was used to distinguish broad age categories for groundwater in the study area. These isotope data establish that Kilauea's rift zones effectively compartmentalize the regional groundwater system, with relatively local recharge and longer residence times for groundwater in and downgradient of the rift. The isotope data also show that the impounded water near Kilauea summit is recharged locally. Heated groundwater from the Kilauea summit area may leak southward to the springs at the shoreline. Both stable isotope and tritium data indicate that part of Kilauea's SWRZ acts as a conduit for groundwater flow. Stable isotopes from the shallow wells and thermal springs in the lower ERZ showed no evidence for downrift flow. Therefore elevated 3H levels in the lower ERZ shallow groundwater suggest low permeabilities rather than a long flow path.
